We have investigated the antiferromagnetic (AF) resonance modes (AFMR) of NiO, theoretically using a model that includes the effects of exchange, dipolar coupling, and a small cubic anisotropy, and experimentally using Brillouin scattering. Using only superexchange between next nearest Ni atoms the model accounts for the observed AF structure with a 11 2 spin orientation. The model predicts that there are four, weakly coupled, AF lattices that should therefore exhibit eight AFMR modes. Because of degeneracies, only five distinct frequencies are predicted by the model. Three of these frequencies are consistent with the doublet observed by Raman scattering and the central peak reported in Brillouin experiments. Using Brillouin scattering we report the observation of the two missing modes.
Although nickel oxide is considered to be a classical example of an antiferromagnetic (AF) structure, it still possesses a number of properties that are not well understood. Furthermore, because of the current interest in exchange bias phenomena, there is an additional incentive to ensure that we have an accurate microscopic picture of this important antiferromagnetic material. It is well accepted that the AF structure of NiO consists of alternating ferromagnetically aligned (111) planes that are AF aligned with respect to each other [1] [2] [3] [4] . The direction of spin alignment within each plane was the subject of some controversy, but it is now generally accepted to be along h11 2i directions [3] . The subtlety of antiferromagnetism in NiO can be emphasized by noting that, if the structure remained perfectly cubic, each Ni atom would have six F and six AF coupled nearest neighbors but, perplexingly, all 12 of them are crystallographically equivalent. Furthermore, there is no combination of the two, lowestorder, cubic anisotropies that leads to a 11 2 orientation of the spins. In this picture antiferromagnetism would have to rely on the small measured (<10 ÿ3 ) trigonal distortion; this, in turn, is then difficult to reconcile with its high Néel temperature. Simultaneously, Dietz et al. [5] have argued that the effects of rhombohedral distortion are small, and the nearest neighbor exchange coupling, which could be split in a rhombohedral structure, is found by Hutchings et al. [3] to be essentially equal.
Related to these structural issues there are also aspects of the magnetic normal modes, especially in the long wavelength limit, that are not well understood. Two antiferromagnetic resonance (AFMR) modes are observed at low temperatures via Raman scattering [6, 7] , Brillouin scattering shows a central peak that vanishes at the Néel temperature (T N ) [8] , and infrared absorption [5, 9, 10] shows a mode consistent with Raman scattering results. Since a number of theoretical treatments [11, 12] predict at most two AFMR modes, the ''extra'' modes have been ascribed to surface effects, grain size, or have been left unexplained. Confusing the issue further is an inelastic neutron scattering [3] study, which together with its theoretical interpretation that ignores dipolar coupling, indicates the existence of four zone center modes whose frequencies are not consistent with the Raman or IR data. The interpretation of the Raman results in [7] also confused the issue by concluding that the spins were aligned along [100] . It was shown many decades ago by Kaplan [13] , Keffer and O'Sullivan [14] , and Yamada [15] that the structural aspects can be understood by including magnetic dipolar interactions between atoms. This contribution, presumably because of the complexity of including it into theoretical formalism, appears to have been replaced with an anisotropy in most subsequent treatments of the problem [3, 11, 12] . Loudon and Pincus [16] did show that in a two-sublattice model the inclusion of dipolar interactions has no effect on the frequency of the zero wave vector magnons but does affect the finite wavelength magnons. Also, although dipolar terms were included in a theoretical description of small NiO particles [17] , when comparing the theory with experimental results, the dipolar terms were neglected in favor of an anisotropy.
Here we develop a model for the zone center magnetic excitations that is based only on superexchange between Ni atoms, dipole interaction, and a small cubic anisotropy. Consistent with Refs. [13] [14] [15] , the model predicts the correct structure, viz., (111) AF sheets and 11 2 spin VOLUME 93, orientation. It also predicts eight AFMR modes, three of which are doubly degenerate. Three of these five frequencies are consistent with the Raman doublet [6, 7] and with the central peak (zero frequency) peak observed by Brillouin scattering [8] . We also present the results of a Brillouin scattering study in which the two missing modes have been observed. Hutchings and Samuelsen [3] have shown that the dominant interaction in NiO is the superexchange between next nearest neighbor (nnn) Ni atoms. This finding is consistent with the fact that these atoms are ''bonded'' via a single p orbital of an oxygen atom. If this were the only interaction it would lead to four uncoupled AF lattices. The Ni atoms in a cubic unit cell with lattice constant a are at positions 0; 0; 0, 1; 1; 0a=2, 1; 0; 1a=2, and 0; 1; 1; a=2. Since superexchange couples only atoms separated by ah; k; l, where h, k, and l are integers, one can view the system as composed of four uncoupled AF lattices with origins at the four positions given above. We number the eight resulting sublattices as follows: the sublattice at 0; 0; 0 is #1 and its AF coupled sublattice with its origin at 1; 0; 0a is #2, #3 has its origin at 1; 1; 0a=2, and #4 is at 3; 1; 0a=2. Similarly sublattices #5, #6, #7, and #8 have their origins at 1; 0; 1a=2, 3; 0; 1a=2, 0; 1; 1; a=2, and 2; 1; 1; a=2, respectively. It has already been shown [13] [14] [15] that dipolar interaction between these lattices leads to the observed (111) AF alignment. In order to incorporate the dipolar terms into the long wavelength excitations it is necessary to calculate the dipolar fields generated by each of the eight sublattices at each of the other lattice sites. We label the unit magnetization vector at each sublattice as m j . The resulting sum of dipole interactions allows the dipolar energy to be written 
Defining the function gh; j; k fÿ1 hjk 1=2g, that is, one for h j k even and 0 if it is odd, the field f at an atom of sublattice p due to all atoms of sublattice q is given by
where the sum runs over all h, j, and k except h j k 0, and m q is the magnetic moment of atoms on sublattice q. In practice it is found that summing over h; j; k < 10 leads to a convergence of better than 1%. In order for the model to yield the measured spin alignment it is necessary to introduce an additional, small, crystalline anisotropy. We have chosen to introduce the anisotropy via one of the usual cubic anisotropy terms; viz.,
One could also introduce the anisotropy via an ad hoc expression within the (111) plane. Equation (6) , however, has the advantage that it automatically accounts for the three equivalent directions in any of the (111) planes. If K is negative, as is the case here, this anisotropy favors alignment along h111i directions and thus acts in the opposite sense to the dipolar term. As we show, however, the magnitude of K necessary to account for the experimental results is small and has only a small effect on the (111) easy plane dictated by the dipolar terms. In this sense the anisotropy can be viewed as favoring the 11 2 direction over the 1 10 direction in the (111) plane. If there were no coupling between the AF lattices each lattice would have two AFMR modes, and all four lattices would have the same AFMR frequencies. When the AF lattices are coupled via the dipolar terms (note that the anisotropy does not couple the lattices) we can expect a total of eight AFMR modes. We write the magnetization of each sublattice as m i fsin i cos i ; sin i sin i ; cos i g: (7) The equilibrium values of the i and i are found by direct minimization of the energy. The exact values depend on the value assigned to K, but the results are always less than 2 from the 11 2 direction. Following [19, 20 ] the frequencies of the modes are related, via ! k id k =M, to the eigenvalues (d k ) of the matrix built from VOLUME 93, NUMBER 7 P
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077601-2 077601-2 the second derivatives of the energy with respect to i and j . The matrix elements Bn; m are
B2i; 2j ÿE i j = sin i ; B2i ÿ 1; 2j ÿE i j ; (8) where is the gyromagnetic ratio (0:098 cm ÿ1 =kOe for Ni) [21] and M is the saturation magnetization of each of the eight sublattices (M B =a 3 128 G). As an initial test of our model we used a value of exchange taken from Ref. [3] yields f43:0; 38:0; 38:0; 14:3; 0; 0; 0; 0g. Low temperature Brillouin spectra of NiO to be presented later show that the ''central peak'' previously reported [8] becomes a peak at 1 cm ÿ1 as the temperature is lowered. Adjusting the anisotropy so that the lowest of the eight modes agrees with this frequency (K ÿ2 10 5 ergs=cm 3 ) yields ! f43:0; 38:5; 38:5; 13:9; 6:6; 6:6; 0:94; 0:94g. With this assignment only the modes at 6.6 and 13:9 cm ÿ1 remain experimentally unobserved.
The 5 to 20 cm ÿ1 frequency range is intermediate between typical Raman and Brillouin domains. Since this is a possible reason why the intermediate frequency modes have not been observed, we undertook a Brillouin scattering experiment that covered this frequency range. In Fig. 1 we show two Brillouin spectra from NiO at 99 and 162 K recorded in the backscattering geometry using 100 mW of 514.5 nm radiation. No analyzer was used in the scattered beam. A tandem Fabry-Perot interferometer was used for the experiments, and the spectra correspond to two different free spectral ranges: 3.33 and 16:7 cm ÿ1 . Under high resolution in Fig. 1(a) we observe the longitudinal (L) and transverse (T) phonons as well as some additional intensity just below the transverse phonon peak. We label this feature as M1 and its magnetic origin is inferred since it vanishes at the Néel temperature [8] . At lower resolution, Fig. 1(b) , we observe the longitudinal phonon (L) and two additional modes M2 and M3 at close to 4 and 13 cm ÿ1 . The temperature dependence of the three modes is plotted (full symbols) in Fig. 2 ; also included in the figure (open symbols) are the Raman data from Ref. [7] . The arrows on the left of the figure are the calculated frequencies described above. The agreement between the experimental frequencies and those extracted from the model is a strong indication that the energies given in Eqs. (1), (5), and (6) provide a good description of both the static and dynamic properties of NiO.
The combination of nnn exchange, dipolar energy, and a small cubic anisotropy term provides a good description of the ground state magnetic structure and the infinite wavelength magnetic excitations in NiO. Based on the convergence of the dipolar contributions, we expect that the model should also be applicable for excitations with wavelengths up to around 10 nm; for shorter wavelengths the assumption of uniform magnetization in the dipole sums would not be valid. In Ref. [16] it has already been shown that the dipolar contribution does affect the finite wavelength magnons. The model shows that NiO consists of four, independent, strongly exchange coupled AF lattices. Each individual lattice has almost no anisotropy, but the dipolar interaction between them leads to a weak term that favors alignment of the spins in the f111g planes. An even weaker cubic anisotropy term aligns the spins along h11 2i directions in these planes. The unusual magnetic configuration of NiO may have significant consequences with regard to its use in exchange bias systems. If the exchange coupling at the surface is strong, it appears likely that this interaction would overcome the rather weak dipole interaction and that each AF lattice would then accommodate, individually, the presence of a ferromagnetic surface layer. A shortcoming of our model is that the value of J needed to fit the Raman frequencies (viz., J 133 K) differs from other values in the literature (221, 213, and 202 K by Hutchings and Samuelsen [3] , Dietz et al. [5] , and Srinivasan and Seehra [22] , respectively). Although the nearest neighbor exchange is known to be small (ÿ20, 0, and 34 K in Refs. [3, 5, 22] , respectively) its neglect could, in principle, explain the discrepancy. Our calculations show, however, that including nearest neighbor exchange does not lead to a significant renormalization of the nnn exchange, but it does produce a splitting of the degenerate modes that is inconsistent with the experimental results. A more likely explanation is the measured reduction in the effective spin of Ni due to zero point motion. Alperin [23] measured the low temperature effective spin of Ni to be 0.82, and this value is consistent with the susceptibility measurements presented in [22] . Since the dipolar energy scales as S S, by scaling the value of D in Eq. (1) by 0:82 2 0:67 we find that it is necessary to increase the nnn exchange to 220 K in order to reproduce the Raman frequencies. The good agreement of this value with previous determination should be viewed with caution since the simple scaling of the dipolar energy may well be an oversimplification. A full quantum mechanical calculation, including the effects of zero point precession, is required to justify this step.
The model presented here to describe the properties of NiO is also expected to be valid for all materials within this important class of antiferromagnets [4] : MnO, -MnS, FeO, and CoO. Although at present there is insufficient experimental data to test the predictions of the model, since the strength of nnn exchange is smaller in all these other materials, one may expect the effects of dipolar coupling to become even more important than in NiO. [7] . The arrows are the frequencies calculated in this investigation.
